Evidence for the importance of genetic factors in male fertility is accumulating. In the literature and the Mendelian Cytogenetics Network database, 265 cases of infertile males with balanced reciprocal translocations have been described. The candidacy for infertility of 14 testis-expressed transcripts (TETs) were examined by comparing their chromosomal mapping position to the position of balanced reciprocal translocation breakpoints found in the 265 infertile males. The 14 TETs were selected by using digital differential display (electronic subtraction) to search for apparently testis-specific transcripts in the TIGR database. The testis specificity of the 14 TETs was further examined by reverse transcription-polymerase chain reaction (RT-PCR) on adult and fetal tissues showing that four TETs (TET1 to TET4) were testis-expressed only, six TETs (TET5 to TET10) appeared to be differentially expressed and the remaining four TETs (TET11 to TET14) were ubiquitously expressed. Interestingly, the two tesis expressed-only transcripts, TET1 and TET2, mapped to chromosomal regions where seven and six translocation breakpoints have been reported in infertile males respectively. Furthermore, one ubiquitously, but predominantly testis-expressed, transcript, TET11, mapped to 1p32-33, where 13 translocation breakpoints have been found in infertile males. Interestingly, the mouse mutation, skeletal fusions with sterility, sks, maps to the syntenic region in the mouse genome. Another transcript, TET7, was the human homologue of rat Tpx-1, which functions in the specific interaction of spermatogenic cells with Sertoli cells. TPX-1 maps to 6p21 where three cases of chromosomal breakpoints in infertile males have been reported. Finally, TET8 was a novel transcript which in the fetal stage is testis-specific, but in the adult is expressed in multiple tissues, including testis. We named this novel transcript fetal and adult testis-expressed transcript (FATE).
Introduction
production of germ cells from the undifferented spermatogonia to the mature spermatozoa occurs during adulthood, whereas Human infertility is a common problem which affects 13% of the production of the oocyte takes place during fetal life. couples (Van Assche et al., 1996) ; both female and male Moreover, the extracorporal position of the testis makes studies factors are known to contribute (Chandley, 1979) , but failures of gametogenesis more feasible in the male than in the female. related to germ cell formation have been studied more Although several external factors (including xenobiotics) have been claimed to affect male reproduction (Sharpe and intensively in males than in females. One reason is that the Skakkebaek, 1993) , evidence that genetic factors play an
In an attempt to identify new candidate genes for male infertility, we used a digital differential display approach to important role is accumulating. A reduction in sperm count and fertility has been found to be associated with an increased search for testis-specific human transcripts. Digital differential display (i.e. electronic subtraction) is based on the public rate of chromosomal abnormalities (Chandley, 1979; Retief et al., 1984; Van der Ven et al., 1997) . The rate of abnormalities genome databases (dbEST, UniGene), that contain a vast amount of indirect expression data on human genes in the has been reported to be as high as 15.4% in azoospermic men, while the rate is 4.1% in men with oligozoospermia. One form of Expressed Sequence Tags (ESTs). Recently, ordering of overlapping ESTs has generated a non-redundant set of reason might be related to impaired chromosome pairing and crossing-over in meiosis (Goldman and Hulten, 1993) . Another human transcript sequences, allowing a computer-based search for transcripts that are tissue-specific (Adams et al., 1995) . In possibility is that some chromosomal breakpoints may interfere with genes important for testicular development and function.
this study, we selected 29 testis-expressed transcripts (TETs) using the Search for Tissue Specific Transcript program in the Chromosomal breakpoints that delete or inactivate specific genes have proven to be very useful in the identification of TIGR Human Gene Index database. From these, 14 TETs were mapped to chromosomes by radiation hybrid mapping. Reverse disease-causing genes (Tommerup, 1993) . Indeed, the clustering of Yq-deletions in a subgroup of infertile males was transcription-polymerase chain reaction (RT-PCR) semiquantitative expression analysis revealed that four transcripts originally detected as microscopically visible de-novo deletions on the long arm of the Y chromosome in azoospermic men were only testis-expressed, six were differentially expressed and four transcripts were ubiquitously expressed in adult (Tiepolo and Zuffardi, 1976) . This cytogenetic observation has been confirmed at the molecular level, as a fraction of males tissues. By comparing the map positions to the location of breakpoints in 265 infertile men with balanced reciprocal suffering from idiopathic oligozoospermia or azoospermia have microdeletions within the Yq11 region (Reijo et al., 1995;  translocations, collected from the literature and from the Mendelian Cytogenetics Network database (E.Van Assche Vogt et al., 1996; Kremer et al., 1997; Van der Ven et al., 1997) , with an estimated overall frequency of Yq microdeleet al., unpublished data), we identified one X-linked and 11 autosomal candidate male infertility genes, of which four were tions in azoospermia and oligozoospermia of 12.2 and 3.4% respectively (Simoni et al., 1998) . Further analysis of the Yq11 expressed only in the testis. region has revealed three non-overlapping spermatogenesis loci, suggesting the presence of several spermatogenesis genes Materials and methods (Vogt et al., 1996) . Two candidate gene families have been identified in the deleted regions, the RBM (RNA Binding
Chromosomal breakpoints in 265 infertile males
Motif) and DAZ (Deleted in AZoospermia) (Ma et al., 1993;  In the literature and the Mendelian Cytogenetics Network database Reijo et al., 1995) families. These two gene families encode (http://mcndb.imbg.ku.dk), 265 cases of infertile males with balanced proteins with homology to RNA-binding proteins and both reciprocal translocations have been described. The cause of infertility families display a testis-specific expression pattern, which was in some cases unexplained, while in others it was explained by a low quantity of spermatozoa (azoospermia or oligozoospermia), by supports their potential role in spermatogenesis. Within the abnormal sperm motility or morphology or by Sertoli cell-only DAZ region, only one transcriptional unit (termed the DAZ syndrome. Comparison of the karyotype of these 265 infertile males gene) has been identified. So far, attempts to identify DAZ has shown that many of the chromosomal breakpoints were clustered, point mutations or intragenetic deletions in sterile men have indicating that the implicated breakpoint regions might contain one failed (Vereb et al., 1997) . Thus, the involvement of DAZ in or more genes with a function in male fertility (E. Van Assche et al., infertility is only circumstantial. genes are likely to be involved as well. Furthermore, chromosomal abnormalities in infertile men have been reported to be Selection of transcripts and data analysis distributed equally between sex and autosomal chromosomes
The large-scale sequencing of tissue-specific cDNA libraries (Retief et al., 1984) . One of the few known autosomal candidate worldwide has produced millions of novel expressed sequence tags (ESTs), representing both known and unknown genes. The ordering genes in humans is the recently isolated DAZLA (DAZ-like of overlapping ESTs has generated a non-redundant set of clusters. autosomal) gene. This gene was mapped to 3p24 and is Each cluster contains sequences that represent a unique human expressed exclusively in testis and ovary (Yen et al., 1996;  transcript, as well as related information such as the tissue types in Nishi et al., 1999) . In addition, the predicted protein sequence which the transcript is expressed. This organization of sequence shares a high degree of identity with DAZ (83%) and a information allows a computer-based search for transcripts that are Drosophlia male infertility gene, boule (42%). Mutations in expressed exclusively or predominantly in a single tissue. At present, the boule gene have been shown to cause meiotic cell cycle this search can be performed on the TIGR database (Adams et al., arrest during spermatogenesis in the fly (Eberhart et al., 1995 The expression pattern of a gene may be used as an indicator UniGene/ddd.cgi?ORGϭHs). In this study, the TIGR Human Gene Index website was used to search for 100% testis-specific human for its potential function and involvement in disease conditions. transcripts. This expression search gave a total of 131 transcripts the Scientific Committee of Fyn and Vejle Counties (case number (date: 01.07.98). The TET sequences were analysed and compared 95/191). Tissues were snap-frozen in liquid nitrogen immediately with various databases using the FASTA software at the EMBL after dissection. The fetal age was determined according to previously servers (http://www2.ebi.ac.uk/fasta3/). described criteria (Evtouchenko et al., 1996) . A total of eight different fetuses aged 6-11 weeks were used for this study. Total RNA was Primer selection and radiation hybrid mapping isolated from liver (7 weeks), kidney (9 weeks), adrenal gland (7 Pairs of perfect matching primers were designed for each TET weeks), heart (8 weeks), lung (8 weeks), small intestine (7 weeks), (Table I ) using the program Oligo (National Biosciences Inc). Primer amnions (6 weeks), limb (11 weeks), sex ducts (7 weeks), and testis sets were tested by PCR on human genomic DNA (1 µg), and the and ovary (7 weeks) by the acid guanidine thiocyanate-phenolresulting PCR products were resolved on 5% Metafor agarose gels chloroform extraction method (Chomczynski and Sacchi, 1987) . Total (FMC BioProducts). The DNA PCR kit from Perkin Elmer was used, RNA (2.5 µg) from each tissue were treated with 5 IU DNase 1 (Life according to the manufacturer's protocol. The PCR reactions were Technologies, Denmark) in a final volume of 40 µl for 15 min at carried out in a final volume of 15 µl and consisted of 1ϫ reaction room temperature. The integrity of the RNA after DNase treatment buffer, 10 mmol/l dNTP, 10 pmol each of sense and antisense primer, was tested by electrophoresis on a 1% agarose gel. Then, RNA was 15 mmol/l MgCl 2 and 1 IU of the Thermostable Ampli Taq DNA reverse-transcribed using a mixture of the three anchor primers polymerase from Perkin Elmer. The PCR conditions used were 94°C 5ЈAAGC(T) 11 A 3Ј, 5ЈAAGC(T) 11 C 3Ј and 5ЈAAGC(T) 11 G 3Ј. The for 5 min; then 40 cycles of 94°C for 20 s, annealing for 20 s, 72°C four bases, AAGC, added to the 5Ј-end of the anchor primer for 20 s; followed by 72°C for 5 min. Annealing temperatures and sequences introduce a restriction site that facilitates cloning. Reverse sizes of the predicted PCR products are given in Table I . The human transcription reaction mixtures consisted of 2.0 µg of RNA, 25 µl radiation hybrid mapping panel, GeneBridge 4 (HGMP Resource 5ϫ first strand buffer, 12.5 µl 100 mmol/l dithiothreitol (DTT), 25 µl Center, Hinxton Hall, Hinxton, Cambridge, UK) was used for mapprimer (final concentration 10 µmol/l), 3.5 µl PRIME RNase inhibitor ping. DNA from each hybrid cell line (50 ng) was subjected to PCR (final concentration 1.0 IU/µl) and 20 µl dNTP (final concentration using the conditions given above. The resulting data vector was 10 mmol/l) in a final volume of 125 µl. The reaction mixtures were submitted to http://www-genome.wi.mit.edu./cgi-bin/contig/rhmapheated to 65°C for 5 min and then transferred to 37°C. After per.pl. to obtain flanking genetic markers. The most probable cytogenincubation at 37°C for 10 min 5 µl (200 IU/µl) of Superscript 2 reverse etic location of the markers were obtained from The NCBI genome transcriptase (Life Technologies) was added (final concentration 8 IU/ division (http://www.ncbi.nlm.nih.gov/Entrez/Genome/org.html).
µl). Reverse transcription was allowed to proceed for 1 h at 37°C.
Preparation of cDNA panels from 11 different human fetal tissues
The reaction was stopped by heating to 95°C for 5 min and then cooled on ice. The 11 resulting cDNA preparations were tested by The fetal tissues were collected from legal abortions performed at the Odense University Hospital. Ethics approval was obtained from PCR with specific human β-actin primers as a control for integrity The GenBank accession numbers are given in Table I and a with genomic DNA was excluded. PCR conditions were as described flow chart of the digital differential display approach is given for the β-actin gene.
in Figure 1 . encodes a polypeptide with 55% similarity to a rat sperm-
Semi-quantitative RT-PCR expression analysis
coating glycoprotein, and is testis-specific in the mouse
The tissue distribution of the 14 TETs was analysed by 35 cycles of (Kasahara et al., 1987 (Kasahara et al., , 1989 . In addition, the deduced PCR on the fetal and adult cDNA panels, using the same primers amino acid sequence of TET12 was 63% homologous and PCR conditions as described for radiation hybrid (RH) mapping.
with the hen serine protease inhibitor, ovostatin (Nielsen In addition, the determination of expression of SRY in the fetal testis, et al., 1994).
fetal ovary and adult testis was included in the analysis. The generated PCR products were analysed by resolution on 2% agarose gels.
Expression analysis of TETs
The expression patterns of TET1-14 were analysed by RT-
Results
PCR on a cDNA panel covering eight different adult human Transcript selection and DNA sequence analysis tissues ( Figure 2 ). All 14 transcripts were found to be expressed in testis and could further be divided into three categories: (i) To identify human TETs, a digital differential display approach testis-expressed only transcripts; (ii) differentially expressed was used. A testis-specific expression search at the TIGR transcripts; and (iii) ubiquitously expressed transcripts. We database (Adams et al., 1995) initially identified 131 apparently testis-specific transcripts. Following elimination of sequence prefer the term 'testis-expressed only' rather than 'testis-regulated in testis. The abundance of these transcripts appears to be weakly reflected in the number of times they have been isolated as ESTs in testis libraries: TET5 and TET10 have been isolated three times each, while TET7 and TET8 have been isolated nine and seven times respectively. In comparison, TET6 appears to be weakly expressed in testis and lung. However, this transcript has been isolated four times as an EST. In addition, TET9 was isolated 35 times as an EST sequence from various testis libraries although it appears to be only slightly up-regulated in testis relative to the compared tissues. Thus, only a moderate correlation seems to exist between the relative frequency of a unique EST in a library and the actual abundance of the corresponding transcript in the tissue. The group of differentially expressed transcripts also includes TPX-1 (TET7), which previously had been demonstrated to be testis-specific in mouse (Kasahara et al., 1987) . Our data indicate that the human TPX1 is a predominately testis-expressed gene with some expression in lung and kidney as well. The last category of transcripts includes TET11-14 which are expressed in all examined tissues. With regard to TET11 and TET14, our finding that they are not testis-specific but expressed in several different tissues is supported by the isolation of identical transcripts from human T-cell libraries (accession no. AA306268) and a placenta library (accession no. R82847) respectively. In addition, EST sequences identical to TET12 have been found in multiple tissues, including heart and lung (accession nos. W92314 and AI290954), which is in agreement with our data. The expression pattern of the 14 transcripts was further analysed in human fetal tissues at the age of 6-12 weeks (Figures 3 and 4) . Eight transcripts (TET1-4, TET6-7 and TET10-11) were not detected in any of the examined fetal tissues. One transcript, TET8, was found to be testis-expressed only in the fetal stages analysed. The age of the fetal testis and ovary used in this study was 7 weeks. We further determined the expression of SRY in the fetal gonads and adult testis (Figure 4) . SRY expression was evident in both fetal and into the rodent genome and which have been analysed for the content of 404 human sequence-tagged sites (STSs) markers. specific', since the expression analysis was limited to eight adult tissues and 11 fetal tissues. Four transcripts (TET1-4)
The complete panel covering all human chromosomal DNA allows the examination for co-retention by PCR. The generated were testis-expressed only and six transcripts (TET5-10) were found to be differentially expressed, as a product was produced co-retention profile (the data vector) was submitted to the Whitehead Institute (Cambridge, MA, USA) to obtain chromoin two or more tissues. A characteristic feature of the differentially expressed transcripts is that they all appear to be upsomal assignments and the distance to the genetic markers . Reverse transcription-polymerase chain reaction (RT-PCR) expression analysis of the 14 testis-expressed transcripts (TETs) on fetal tissue. Total RNA was prepared from nine different tissues from human fetus at the age of 6-12 weeks. Each transcript (TETs) and SRY on fetal gonads and adult testis. The age of the fetal gonads was 7 weeks. Each transcript was subjected to 35 was subjected to 35 cycles of PCR with sequence specific primers. Filled arrows indicated the position of amplified products of cycles of PCR. Filled arrows indicated the position of amplified products of expected size. Control 1 ϭ PCR without template and expected size. Unfilled arrows indicate the position of primer dimers. Total human genomic DNA served as control. The TET14 control 2 ϭ PCR with total human genomic DNA as template. The TET14 primer pair was used as in Figure 2 to assess any genomic primer pair was used in Figure 2 to assess any genomic contamination. Specific β-actin primers were used as in Figure 2 .
contamination. Specific β-actin primers were used as in Figure 2 . (Table II) . The most probable cytogenetic map positions were obtained by querying the NCBI Genome division. All 14 TETs
Comparison with chromosomal breakpoint regions in infertile males
The mapping results of the 14 TETs were compared with the location of breakpoints in 265 infertile males with were mapped with a lod score Ͼ3.
Searching GeneMap'99 (Deloukas et al., 1998) (date: 10 balanced reciprocal translocations collected from the literature and from the Mendelian Cytogenetics Network database January 2000) at the NCBI server revealed that TET3, TET7 and TET11 had been previously mapped to 6p22.1, 6p21 and (http://mcndb.imbg.ku.dk) (Van Assche et al., unpublished data) (Table II) . The four testis-expressed only transcripts 1p31-32 respectively (accession no. AI026687; 20; accession no. AI027705), which agrees well with our data. Furthermore, (TET1-4), all mapped to a region containing one or more breakpoints, and five of six differentially expressed transcripts the chromosomal assignments for an additional four TETs have emerged from the human genome sequencing project during (TET5-9) were also located at a breakpoint region. Thus, the overall frequency of matches to a breakpoint region were 100 the course of this study. These include TET8, TET9, TET12 and TET14, whose nucleic acid sequences are contained and 83% for testis-expressed only and differentially-expressed transcripts respectively. Of the remaining four transcripts with within genomic clones (accession no. AF002992; AC004029; AC006208) derived from the chromosomal regions Xq28, an ubiquitous expression pattern, three (TET11-13) were also found to map to breakpoint regions. 7q31, and 3p21.1-9 respectively. This is consistent with our map positions (Table II) . The chromosomal localization of the The karyotype and available clinical data on sperm quantity, motility and morphology for 36 of the 265 infertile male cases remaining seven transcripts had not been previously determined.
used in this study, are presented in Table III . The 36 cases include 23 published and 13 novel cases. The chromosomal interest is especially focused on those mapping to chromosomal regions where clustering of breakpoints in infertile men occur. breakpoints identified in these 36 cases occur in five different
In particular, two of the testis-expressed only transcripts, TET1 clusters in the chromosomal regions 9q21-22, 3p13-14, 1q22-and TET-2 map to 9q21-22 and 3p13-14, where clusters of 23, 1p36, and 1p32-33, where TET1, TET2, TET5, TET6 and seven and six breakpoints respectively are positioned (Table  TET11 map to respectively. These breakpoint regions were II). In addition, two differentially-expressed transcripts, TET5 selected because they have the highest number of cases of and TET-6 are assigned to 1q22-23 and 1p36, where seven breakpoints in infertile males. The number of cases within and three breakpoints respectively are found. Moreover, TET11, each cluster range from three to 13. The cause of infertility that is detectable in all examined tissues, but predominantly was in some cases unexplained, while other cases are explained in testis, maps to 1p32-33, where 13 breakpoints have been by a low quantity of spermatozoa, abnormal sperm motility or found. Interestingly, three of these five emphasized candidate morphology or Sertoli cell-only syndrome. In four of the five genes are located on chromosome 1. Indeed, of the 265 breakpoint regions, the reported sperm quantity varied from translocation breakpoints reported in infertile men, 76 are azoospermia (0ϫ10 6 /ml) to normospermia (Ͼ20ϫ10 6 /ml). In located on chromosome 1, suggesting the occurrence of several the breakpoint region 3p13-14, only azoospermia and oligozoogenes with a function in male fertility on this chromosome spermia (Ͻ20ϫ10 6 /ml) were observed. Moreover, in the (Mendelian Cytogenetics Network database) (E.Van Assche breakpoint region 1q22-23, five of the seven cases were et al., unpublished data). presented with sperm quantities which did not exceed
The potential involvement of chromosome 1-linked genes 1.8ϫ10 6 /ml. in male infertility is supported by the study of sterile mouse mutants. One mutant, (skeletal fusions with sterility) sks, was Discussion identified, and the responsible locus mapped to 16 cM on In this study, we tested digital differential display as an chromosome 4 (Handel et al., 1988) . Both male and female approach to identify novel testis-specific transcripts. The mice carrying this recessive mutation are sterile and have expression of 14 putative TETs identified by the TIGR database fusions of vertebrae and ribs. The mutation causes meiotic was confirmed in adult human testis, as determined by arrest of the spermatocytes at the pachytene stage in the males, RT-PCR. However, only four of the TETs were found to be while females are functionally infertile, but have normal expressed exclusively in the adult testis, and solely one TET ovarian histology. The syntenic map position on the human was testis-specific in the fetus. Six transcripts showed a genome is 1p32-34 (http://www.ncbi.nlm.nih.gov/Homology). differential expression pattern, and the remaining four tranThus, TET11, which maps to the same region and shows scripts were detected in all tissues studied here, and might a ubiquitous but testis-upregulated expression pattern, also thus represent novel genes with a house keeping function. In represents a human candidate gene for the murine sks mutation. general, the expression pattern of the 14 TETs differs between TET7 is the human homologue of mouse Tpx-1, which is adult and fetal tissues. This is to be expected, in particular testis-specific in the mouse (Kasahara et al., 1987) . However, concerning adult TETs, since many TETs are related to according to our data TPX-1 appears as a predominantly testisspermatogenesis.
expressed gene with some expression in lung and kidney as well. A recent study on the rat showed that Tpx-1 is involved Of the 14 testis-expressed genes examined in this study, Table III . Clinical features of infertile male patients with chromosomal breakpoints in 9q21 -22, 3p13-14, 1q22-23, 1p36 , and 1p32-33. All cases are balanced reciprocal translocations/inversions (46, XY) 
